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Letters to Analytical Chemistry
Wavelength Tunable Surface Plasmon
Resonance-Enhanced Optical Transmission
Through a Chirped Diffraction Grating
Wei-Hsun Yeh, Justin Kleingartner, and Andrew C. Hillier*
Department of Chemical and Biological Engineering, Iowa State University, Ames, Iowa 50011
We report the construction and testing of a chirped
diffraction grating, which serves as a substrate for surface
plasmon-enhanced optical transmission. This grating pos-
sesses a spatial variation in both pitch and amplitude
along its surface. It was created by plasma oxidation of a
curved poly(dimethoxysilane) sheet, which resulted in
nonuniform buckling along the polymer surface. A gold-
coated replica of this surface elicited an optical response
that consisted of a series of narrow, enhanced transmis-
sion peaks spread over the visible spectrum. The location
and magnitude of these transmission peaks varied along
the surface of the grating and coincided with conditions
where surface plasmons were excited in the gold film via
coupling to one or more of the grating’s diffracted orders.
A series of measurements were carried out using optical
diffraction, atomic force microscopy, and normal inci-
dence optical transmission to compare the grating topol-
ogy to the corresponding optical response. In addition,
the impact of a thin dielectric coating on the transmission
response was determined by depositing a thin silicon
oxide film over the grating surface. After coating, wave-
length shifts were observed in the transmission peaks,
with the magnitude of the shifts being a function of the
film thickness, the local grating structure, and the dif-
fracted order associated with each peak. These results
illustrate the ability of this surface to serve as an informa-
tion-rich optical sensor whose properties can be tuned by
control of the local grating topology.
The interaction of light with nanostructured objects, particu-
larly those containing metals, can produce a variety of unique and
useful optical phenomena.1,2 Examples include enhanced optical
transmission,3 super focusing through nanoapertures,4,5 optical
waveguides via nanoparticle chains,6 and enhanced light genera-
tion in light emitting diodes via nanoscale optical coupling.7 The
origins of many of these optical phenomena can be traced to the
excitation and propogation of surface plasmons in the nanostruc-
tured metal objects.2 Notably, surface plasmon effects have been
exploited in a variety of sensing applications.8-11 Nanostructure-
based plasmonic sensing has been achieved with nanohole
arrays,12,13 single nanometric holes,14 nanoslit arrays,15 and
various grating-type and diffractive nanostructures.16-20
The construction of nanostructured optical elements for plasmonic
sensing can be achieved with a variety of processing techniques.8
In addition to traditional top-down lithography methods, electron
beam lithography and focused ion beam machining have been used
to construct ordered and complex nanostructures.4,12,21 Solution
phase self-assembly techniques, including nanosphere22,23 and col-
loidal24 lithography, are well-suited for creating ordered nanostructure
arrays. Soft lithography using elastomeric stamps has also been used
to construct nanostructures.25 Another source of nanostructured
surfaces capable of supporting surface plasmon excitation is diffrac-
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tion gratings. Gratings are advantageous in that they are com-
mercially available in a variety of forms, either as optical elements
used for spectroscopy or as CDs, DVD, and blue-ray discs. In
addition, gratings can be readily created via laser-based interferom-
etry techniques.19,26,27
Grating-based surface plasmon resonance (SPR) sensing has
become increasingly popular due to several key advantages.9,28
Gratings represent an inherently information-rich substrate due
to surface plasmons appearing not only in the directly reflected
or transmitted peaks but also in the various diffracted orders.27
In addition, the plasmon response is highly tunable based upon
the size and shape of the grating topology. Indeed, changing the
amplitude, shape, or pitch of the grating profile has a dramatic
effect on the wavelength and shape of the plasmon resonance.19,29,30
Thus, this substrate represents a highly flexible and tunable
platform for sensor development.
We previously demonstrated that a diffraction grating con-
structed from a commercial DVD supported surface plasmon
enhanced light transmission when coated with a thin gold film.20
This enhancement consisted of narrow peaks in the visible
spectrum, whose central wavelength could be tuned by simple
rotation of the grating. This surface plasmon-enhanced transmis-
sion resulted in a surface that was highly sensitive to the local
refractive index near the gold interface and, thus, could be used
in optical sensing applications. Measurement of the thickness of
several alkane-thiolate monomolecular thin films and detection
of the formation of an antigen-antibody complex of BSA-antiBSA
were demonstrated using this sensing method.20
In the work described here, enhanced optical transmission is
demonstrated using a grating with a chirped surface profile. We
constructed chirped gratings using a technique based upon the
surface buckling that occurs following oxidation of elastomeric
films such as poly(dimethylsiloxane) PDMS. (Experimental details
are provided in Supporting Information.)31,32 Briefly,∼2 mm thick
PDMS sheets were cast and cut into 25 × 75 mm pieces. These
were then bent along their long axis, clamped in an elongated
circular fixture, and exposed to an oxygen plasma for a period of
∼4 min. Following plasma treatment, the fixture was removed
and the PDMS pieces were allowed to relax back to a planar shape.
This resulted in spontaneous buckling of the PDMS surface to
produce a sinusoidal relief pattern, whose amplitude and pitch
varied along the sample surface.31 Control of the pitch and
amplitude of the surface buckling were achieved by control of
the curvature and the sample oxidation time. The largest surface
buckling (greatest pitch and amplitude) occurred where the
PDMS surface had the largest curvature (i.e., at the center of the
bend). The buckling decreased in magnitude to leave a smooth
topography at the far edges of the sample, where the surface had
remained flat during oxidation. Limiting the oxidation time to ∼4
min produced an oxide thickness that created surface undulations
with pitch values between 500 and 1500 nm. Longer oxidation
times result in larger pitch values.31,33
An optical image of a PDMS film shows a color pattern
illustrating the diffractive nature of the nanoscale surface buckling
(Figure 1A). In the center of the sample (denoted by the white
line), a gradual color change is observed along the x-axis (buckling
direction) that varies gradually from clear to green to red and
then back again. The reflected colors are due to optical diffraction
and reflect the changing surface buckling along the surface. The
central 50% of the sample shows this consistent pattern, while the
outer 25% (top and bottom) show a more nonuniform color pattern.
The outer edges of the sample buckled in a more nonuniform
manner than the center. We suspect that this “edge effect” was
the result of changes in the stress distribution near the edge of
the sample and also from oxidation of both the top and the sides
of the PDMS in this region. Consequently, all subsequent
measurements were performed only along the center line of the
sample (denoted by the white line in Figure 1A).
A clearer indication of the periodic nature of the surface can
be seen using optical diffraction. Figure 1B depicts a series of
optical diffraction images acquired at several x-positions along the
central region of the PDMS sample. (Experimental details are
provided in the Supporting Information.) These images were
acquired using an optical microscope having a Bertrand lens
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Figure 1. (A) Optical image showing reflection from a chirped
diffraction grating made from oxidized PDMS elastomer. The white
line over the image indicates the central path along the sample used in
subsequent measurements. The x-direction indicates the bend axis and,
thus, the direction of surface buckling. In subsequent figures, the x-axis
is used to denote this direction. (B) Optical diffraction images (inverted
contrast) acquired from transmission of 630 nm of light at various
x-positions along the center of the diffraction grating.
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attachment, which focuses a Fourier spectrum of the sample image
on the microscope’s imaging plane.34,35 The far left side of the
sample, indicated by the bottom diffraction panel in Figure 1B (x
) 0 mm), displays a diffuse diffraction pattern with a single, central
spot corresponding to directly transmitted light. This diffraction
image reflects the lack of periodic order on the surface. The next
panel (x ) 6 mm) shows two clear spots at the left and right sides
of the central spot corresponding to first order diffraction. The
spacing of these spots is ∼1.7 µm-1, which reflects an average
period of surface buckling at ∼600 nm. Additional diffraction
images acquired along the length of the buckled region show
first order diffraction spots with an initially large spacing,
indicating a small pitch value for the surface buckling. As the
center of the PDMS sample is approached (x ) 18 mm), the
spacing of the first order diffraction peaks decreases and
achieves a minimum value of ∼0.75 µm-1, corresponding to a
maximum pitch of ∼1450 nm. Additional diffraction images
acquired along the sample to the right of center show the
spacing for the first order diffraction spots increasing again,
indicating a decrease in the surface pitch. The diffraction spots
disappear at the far right side of the sample (x) 30 mm) where
the surface once again becomes flat. These optical diffraction
images illustrate a variable surface profile due to the nonuni-
form surface buckling of the PDMS.
In order to use this sample for surface plasmon experiments,
a rigid, gold-coated replica of this grating was created. (See details
in Supporting Information.) Scheme 1 shows a schematic of the
replica of the chirped diffraction grating with a ∼40 nm gold
coating. In this schematic, both the pitch and amplitude of the
grating vary as a function of distance along the sample surface.
Details of this surface topology, including both the pitch and
amplitude of the gold-coated replica, were further verified with
atomic force microscopy (Figure 2A). An image from the far left
side of the sample at x ) 0 mm shows a nominally flat surface.
The surface buckling associated with the chirped grating surface
is evident at x ) 16 mm. The image shows a series of ridges and
valleys and indicates that the shape of the surface buckling follows
a sinusoidal pattern.
A summary of the AFM measurements is given in Figure 2B,
where the pitch of the grating and the amplitude of the surface
buckling are plotted as a function of position along the sample
surface. At the far left (x < 5 mm) and right (x > 25 mm), no
noticeable surface undulations were observed. At x ) 5 mm,
surface buckling is first observed, with a small amplitude of <15 nm
and a pitch of ∼600 nm. Gradual increases in both the pitch and
amplitude of the surface buckling occur when moving along the
sample to the right. Maxima in both parameters are observed at x)
19 mm, where the pitch is 1475 nm and the amplitude is 245 nm.
Additional measurements to the right of this position exhibit
decreases in the magnitude of both the pitch and amplitude until
the surface becomes smooth again at all positions of x > 25 mm.
Previous studies have shown that diffraction gratings can excite
surface plasmon resonance, and the details of this coupling are
highly sensitive to the pitch19,29 and the amplitude30 of the grating.
The orientation of the grating can also be used to modify the
resonance condition and tune the wavelength in which coupling
to surface plasmons occurs.20 Since the chirped diffraction grating
developed here possesses a variation in both pitch and amplitude
as a function of position, it is anticipated that this will result in a
variable surface plasmon coupling along the surface of the sample.
Figure 3 depicts a series of measurements from optical transmis-
sion experiments that show this very behavior. The optical
transmission data is given as the ratio of transmitted p-polarized
to s-polarized light (Tp/Ts), and regions where surface plasmon
excitation occurs are observed as an enhancement of this ratio
over the nominal value of 1. Similar results were also obtained
using a flat region of the gold-coated sample as a reference for
the p-polarized transmission spectra. All measurements were
(34) Zhao, B.; Asundi, A. Opt. Eng. 1999, 38, 170.
(35) Kondrachova, L. V.; May, R. A.; Cone, C. W.; Bout, D. A. V.; Stevenson,
K. J. Langmuir 2009, 25, 2508.
Scheme 1. Schematic of Chirped Diffraction Grating
and Optical Configurationa
a The grating pitch and amplitude (buckling) increase towards the
center of the sample. The buckling direction (x-axis) is noted, and
p-polarized light is oriented along that direction.
Figure 2. (A) Atomic force microscope (AFM) images of gold-coated
chirped diffraction grating at positions of x ) 0 and x ) 16 mm along
the sample surface. (B) Summary of pitch (open circles) and amplitude
(filled squares) as measured by AFM along the sample x direction.
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performed at normal incidence (Scheme 1), where p-polarization
is defined as light polarized parallel to the buckling direction
(x-axis) or perpendicular to the ridges on the buckled surface.
Transmission spectra through the grating at several different
surface locations are shown in Figure 3A. At the far left of the
sample where the surface is flat, a uniform transmission of Tp/Ts
) 1 is seen. The transmission changes markedly at locations
further along the sample. At x ) 10 mm, where the pitch and
amplitude of the grating are 810 and 120 nm, respectively, two
transmission peaks are seen. A small peak is observed at ∼550
nm, and a larger peak is seen with a maximum near 850 nm.
The origin of these peaks can be deduced by considering the
momentum matching condition between the wavevector of the
surface plasmons (ksp) with that of the incident p-polarized light
interacting with the diffraction grating (kgr) as given in eq 1.
ksp )
2π
λ εM′ εDεM′ + εD ) 2πλ √εDsin(θ) + m2πΛ ) kgr (1)
At an incident angle of θ ) 0°, this equality may be satisfied by
several different diffracted orders (m) for a given value of the
grating pitch (Λ) and dielectric constants for metal (εΜ ) εM′ +
jεM′′) and dielectric (εD) layers. At a grating pitch of Λ ) 810
nm, for example, the first diffracted order (m ) 1) will satisfy
this momentum matching condition for a gold coating in air at
λ ∼ 820 nm, while the second diffracted order (m ) 2) will
satisfy this condition at λ ∼ 500 nm. Thus, the two peaks seen
in the transmission spectrum at x) 10 mm are due to excitation
of surface plasmons via the first and second diffracted orders
at the corresponding surface pitch.
Transmission spectra from additional locations along the
surface illustrate the impact of the surface profile on the plasmon
coupling. With increasing grating pitch, the excitation peaks for
a given diffracted order shift to longer wavelengths, which is
consistent with eq 1. At x ) 12 mm, for example, the first order
peak has shifted ∼100 nm to the right and the maximum has
moved to the edge of the spectrometer’s data window (∼950 nm).
The second order peak has also shifted to the right, with its
maximum now located near ∼600 nm. In addition to the red-
shifting of the peak positions, the magnitude of the enhanced
transmission has also increased due, in part, to the increase in
grating amplitude. Additional measurements at x ) 14, 16, and
18 mm show the shifting of the m ) 2 peak from its original
location at ∼550 nm to >900 nm. The magnitude of this peak has
also grown to give an enhancement in the p-polarized transmission
response of over 8 times (>800%). At x ) 16, an additional peak is
observed at ∼550 nm, which is due to surface plasmon excitation
via the third (m ) 3) diffracted order. At x ) 18 mm, three peaks
appear at ∼900, 670, and 530 nm, corresponding to the m ) 2, 3,
and 4 diffracted orders.
A summary of these measurements is shown as a two-
dimensional image in Figure 3B depicting Tp/Ts versus wave-
length as a function position along the sample surface. At the
far left side of the sample, the transmission response is uniform
with Tp/Ts ) 1, indicating the lack of enhanced transmission,
as would be expected for this flat surface. A number of
transmission peaks are observed when approaching the central
region of the sample. The series of peaks corresponding to
the m ) 1, 2, 3, and 4 diffracted orders are identified on the
plot. In this sample, the transmission peaks due to the m ) 2
diffracted order are the most pronounced and exist over a large
region of the sample. It is expected that coupling to the m )
1 order would also be quite large, but those peaks quickly move
into the near-infrared region and, thus, are not observed by
our detector.
In a typical surface plasmon resonance-based sensor system,
a sample is interrogated at a single orientation, sample geometry,
and wavelength. In contrast, the chirped sample construction
described here allows the design of very information rich
measurements, where one can acquire numerous signals of
sample perturbation in a single experiment. In particular, this
chirped grating construction, where a multitude of grating pitch
values are presented, provides simultaneous information about
changes in the plasmon resonance condition over a large portion
of the visible spectrum and simultaneously at several different
diffracted orders, each of which are expected to provide a different
sensitivity to changes in refractive index.
As a test of the ability of this chirped grating to serve as a
thin film sensor, a coating of silicon oxide (SiO) was evaporated
over the grating surface to a thickness of ∼26 nm, as verified
Figure 3. (A) Selection of transmission spectra (Tp/Ts) as a function
of x-position along the center of the gold-coated diffraction grating.
(B) Compilation image of transmission spectra (Tp/Ts) acquired every
1 mm between x ) 0 and x ) 19 mm along the center of the gold-
coated diffraction grating. The diffraction order (m) associated with
each transmission peak is noted on the figures.
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with atomic force microscopy. Shifts in the transmission peaks at
various locations along the grating were then recorded. Figure
4A,B illustrates transmission measurements at two locations
(x ) 14 and 16 mm) before and after coating of the SiO film. At
x ) 14 mm, a single peak corresponding to surface plasmon
excitation from the m ) 2 order is seen. Following film coating,
the peak shifts to longer wavelengths by ∼58 nm. At x ) 16 mm,
two peaks appear due to the m ) 2 (780 nm) and m ) 3 (570
nm) diffracted orders. Both peaks shift to longer wavelengths by
70 nm (m ) 2) and 55 nm (m ) 3), respectively. These results
clearly show that the transmission peaks are sensitive to the
presence of a thin film or, more generally, to a change in the
refractive index of a dielectric layer near the gold surface.
A more complete view of the response of this chirped grating
to the SiO film coating can be seen in the image in Figure 4C.
This figure depicts the difference in transmission (∆Tp/Ts), as
determined by subtracting the optical response of the bare gold
grating from that of the grating with the SiO film, as a function
of position on the left side of the sample (0 < x < 20 mm). In
this image, the transmission peaks from Figure 3B are replaced
with a pair of peaks reflecting the shift in wavelength due to the SiO
film. The intensity of the peaks in Figure 4C reflect the magnitude
of the transmission, while the difference between the positive (red)
and negative (blue) peaks reflects the magnitude of the peak shift.
Notably, the amount of the shift for a given peak is related to the
sensitivity of a given transmission peak to the change in refractive
index resulting from the SiO film.
In Figure 4C, it is clear that the peaks due to all four of
observed diffracted orders (m ) 1, 2, 3, and 4) red-shift in
response to the SiO film. In addition, the magnitude of the shifts
varies over the sample. This behavior is summarized in Figure
4D, which plots the peak positions with and without the SiO film
as a function of the substrate pitch. These points were determined
by fitting the transmission peaks to a Gaussian function in order
to accurately determine the peak wavelength and then mapping
those values to the measured pitch values corresponding to that
sample location. The most notable feature in these data is that
the sensitivity, or the magnitude of the shift in peak wavelength,
differs for each of the diffracted orders. Indeed, comparing the
average wavelength shift for this 26 nm SiO film gives values of
143, 68, and 43 nm for the diffracted orders m ) 1, 2, and 3. This
suggests that, for a given pitch value, the peak corresponding to
the lowest diffracted order gives the highest sensitivity. This can
be explained by considering the coupling condition described in
eq 1. The wavelength sensitivity can be deduced by solving this
relationship at the wavelength where grating coupling occurs
(λG-spr) and taking the derivative with respect to changes in
refractive index of the dielectric layer (nD). A complete analysis
of this sensitivity has been considered previously,28 so only a
simplified view will be given here. The sensitivity of the
transmission peaks for the grating (SGλ) can be shown as in
eq 2.
SGλ )
d
dnD
[λG-spr] )
Λ
m
d
dnD[ εM′ nD2εM′ + nD2 ] (2)
where the dielectric constant of the dielectric layer is written in
terms of the refractive index (εD ) nD2). The right-hand term
within the square brackets in this expression approaches a
constant value equal to nD at longer wavelengths, where the
real part of the metal’s dielectric constant (ε′M) becomes large
and negative.36 This condition is reached as the coupling
wavelength exceeds the plasma wavelength (λ > λp) of the
metal. In this limit, the sensitivity can be written in a simplified
form (eq 3).
SGλ =
Λ
m
(3)
Thus, the wavelength sensitivity for the grating to changes in the
refractive index in the dielectric layer is a function of both the
pitch and order of the grating. Increasing the grating pitch
increases the sensitivity, while increasing the diffracted order
decreases the sensitivity. For the purposes of the work described
here, this means that, for a given grating pitch value, the peaks
(36) Etchegoin, P. G.; Le Ru, E. C.; Meyer, M. J. Chem. Phys. 2006, 125, 164705.
Figure 4. (A) Transmission spectra at x ) 14 mm with (open
squares) and without (solid line) 26 nm SiO film. (B) Transmission
spectra at x ) 16 mm with (open squares) and without (solid line)
SiO film. (C) Subtraction image showing the difference in transmission
(∆Tp/Ts) for chirped grating with and without SiO film as a function of
x-position along the grating. (D) Plot of shift in peak wavelength for
grating orders m ) 1, 2, and 3 with (open squares) and without (lines)
SiO film as a function of measured grating pitch.
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corresponding to the lowest diffraction orders have the highest
sensitivity, and this sensitivity decreases inversely with increasing
diffracted orders. This response is consistent with the average
values of 143, 68, and 43 nm as noted earlier for the average peak
shifts for the diffracted orders m ) 1, 2, and 3. Another way to
write eq 3 is an equivalent expression in terms of coupling
wavelength and refractive index (eq 4).
SGλ =
λG-spr
nD
(4)
This expression reflects an increasing sensitivity at longer
wavelengths and a decreasing sensitivity with increasing refractive
index of the dielectric layer. A comparison of eqs 4 and 3 indicates
that coupling at a given wavelength could be achieved with several
different pitch/order combinations, such as Λ/m ) 1500/2 ) 750
nm or Λ/m ) 750/1 ) 750 nm, and each would have the same
sensitivity for a given refractive index change.
CONCLUSIONS
The optical properties of nanostructured objects pose consider-
able promise for the development of simple, yet highly robust
and sensitive analytical sensors. In this work, we have described
a nanostructured chirped diffraction grating, which can serve as
an information-rich surface plasmon-based optical sensor. The
presence of numerous transmission peaks in a single sample,
which are due to changing surface topology as well as originating
from several diffracted orders, provides a wealth of information
about a surface film. In addition to providing redundancy to the
measurement, this added information could be used to expand
the capabilities of plasmon sensing. For example, with a single
wavelength SPR measurement, one must assume a refractive
index in order to determine a film thickness. With a two-
wavelength measurement, both refractive index and thickness can
be determined. However, with peaks appearing at a multitude of
wavelengths as occurs with this chirped grating, a data set is
provided that could be used to accurately determine the optical
properties of a film, including thickness and wavelength-dependent
refractive index, over a large region of the visible spectrum. Thus,
this could also be used as a spectroscopic tool. We anticipate that
these types of nanostructured sensors will have increasing utility
in various sensing applications due to their sensitivity, flexibility,
and ability to be readily adapted into array-type imaging systems.
Grating-based strategies for optical sensing also have the advan-
tage of being based upon a mature, inexpensive, yet highly flexible
technology for grating fabrication that could be used in the
development of a variety of sample formats.
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